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Introduction
Manufacturing industries operate under various constraints while trying to be competitive in today's business environment. For instance, they must operate safely and in an environmentally friendly manner with minimum carbon footprint. This requires better utilization of raw materials and less energy consumption. One of the most energy consuming manufacturing processes is the distillation process. Improved distillation column design and automated operation are very important in achieving energy reduction for such processes. Thus, graduates from engineering/engineering technology programs must be taught and master the required technologies and develop skills to implement design and automation projects in a team-based environment with schedule and budget constraints.
The Engineering Technology (ET) program at the University of Houston-Downtown includes a number of courses on process control, process modeling and simulation, electrical/electronic systems, instrumentation, computer technologies, and communication systems. To meet graduation requirements for the degree of Bachelor of Science in Engineering Technology, students must work in teams and complete a capstone and design project. This project, also called senior project in our terminology, provides students with an opportunity to work on complex control problems, similar to ones encountered in industry, and employ a number of technologies and methods to provide a practical solution.
In general, the senior project entails the design and construction of a process, identification of key control objectives, specification and installation of required instrumentation for process variable(s) monitoring and control, real time data acquisition, process modeling using empirical and/or analytical methods, design and tuning of controllers, and closed loop control performance evaluation. Since the senior project is a team-based project, equally important to technical requirements are a number of non-technical requirements focusing on project management, technical writing and presentation of technical topics, teamwork and communication.
This paper discusses the design, construction, instrumentation, modeling, simulation, and control of a binary distillation column. In addition to technical details, student learnings on project management, budget and schedule development, teamwork, and technical communication are also presented. The remaining of the paper is organized as follows. Section 2 discusses the process and control objectives. Section 3 provides details on the column design using AspenPlus. Sections 4 refers to the computer platform, for data acquisition and operation of the process. Section 5 presents experimental results. Section 6 summarizes student experiences and lessons learned while working on this capstone and design project. Section 7 summarizes main results and is followed by references.
The Process and Control Objectives
A schematic diagram of the distillation process is shown in Figure 1 . The column has 7 trays. Feed enters on tray 2. The column was designed for the separation of a binary mixture of water and propylene glycol. However, following column construction, its performance was tested by separating a mixture of ethanol and water for two reasons: firstly, this feedstock was available as the fermentation product of the lab's bioreactor; secondly, the university's HSE department expressed concerns due to the higher temperature required for the water/propylene glycol separation.
The column operates in continuous, closed loop mode. Feed is separated into two products which are eventually pumped into the feed drum for reprocessing in a continuous manner. Reflux drum and bottoms/reboiler levels are maintained by adjusting the distillate and bottoms product flow rates. A heating element is used to supply the energy required for the separation. The reboiler vapor stream temperature is maintained by adjusting the supplied heat. Reflux is manually adjusted. Overhead vapor is condensed by using cooling water from a lab water supply.
The control objectives are to maintain material inventory by controlling the reflux drum and bottoms/reboiler levels by manipulating the speed of the pumps on the distillate and bottoms product lines, respectively. Separation is maintained by controlling the reboiler temperature using the heat supplied to the column. Thus, three controllers are designed to operate in automatic mode to achieve these control objectives. Feed flow-rate and reflux flow-rate are adjusted using two controllers which are currently operated in manual mode. The feedback control loop diagrams are shown in Figures 2 through 4 . 
Distillation Column Design using AspenPlus
As mentioned previously, the column was initially designed for the water/propylene glycol mixture but was tested using the ethanol/water mixture. So, this section shows design results for the water/propylene glycol mixture using AspenPlus 1 . Design data is given in Table A .1 in Appendix A. Figure 5 shows the process flowsheet in AspenPlus. Block DSTW is used to design the column. Feed stream specifications are shown in Figure 6 . It is assumed that the feed temperature is around 66°C at 1atm (because of the continuous loop back to the feed drum). In Figure 7 , other design parameters are specified. The reflux ratio is 0.5. The component recoveries were set to 98% for water and 2% for propylene glycol in the distillate product. The pressures in the condenser and reboiler are set to 1 atm. A total condenser is used. To account for future projects, it was decided to design the column with 7 bubble cup trays instead of the required 3 trays (excluding reboiler and condenser). The as built distillation column is shown in Figure 9 . Major parts used to build the column along with specifications and sources are included in Appendix B.
The Control Platform Human Machine Interface (HMI) and LabVIEW Programming
Aside from constructing the distillation column, three proportional-integral-derivative (PID) controllers were implemented to achieve the following control objectives: reflux drum level control; reboiler level control; reboiler temperature control with a high pressure low select override. LabVIEW with myRIO by National Instruments 2 is used for data acquisition and control. LabVIEW is used widely for research purposes while myRIO allows for several input/output variables which is the case for monitoring and controlling the operation of the distillation column. Because of the particular type of electric signals used by myRIO, conversion from current to voltage and proper scaling is needed in several cases.
Figure 10 below shows the front panel of the LabVIEW program which is used as HumanMachine-Interface (HMI) to operate and control the column. It is divided into four squares to provide a user-friendly control of the distillation column. The bottom two squares are used to control the reboiler level and temperature while the top two squares are used to control the reflux drum level and manually manipulate the speed of feed and reflux pumps. Figure 11 shows programming of various control strategies employed for automatic control. The LabVIEW program consists of a single "while" loop that includes the reboiler temperature control, reflux drum and reboiler level controls, and manual speed operation for the feed and reflux pumps along with logic for a solenoid valve at the feed line.
The feed loop as seen in the top portion of Figure 11 is a simple pulse-width-modulation (PWM) block that takes its input from a digital input/output (DIO) on the NI myRIO. The output of the PWM is the Duty Cycle and LabVIEW limits the output from 0 to 1. A slider is seen on the LabVIEW front panel as the manipulated variable for a constant flow of feed. Due to the design of the feed in this distillation column, a solenoid valve had to be added to prevent feed from free flowing into the column when the pump is not running. When the pump is at 0 duty cycle, the solenoid is de-energized and thus closed. When the slide on the duty cycle is greater than 0, the NI myRIO sends a 5V output to a relay which completes a 12VDC circuit and energizes the solenoid causing it to open. The reflux drum and bottoms level control strategies are extremely similar. Both levels are controlled by LabVIEW's Advanced PID control block. The temperature control is done using a local controller by Platinum Omega 3 . The temperature set point, process variable, and PID gains are all local variables that are brought over to this LabVIEW diagram using a proprietary LabVIEW temperature controller demo by Platinum Omega.
Instruments and Wiring
Three power supplies with 12VDC output voltage and 10 amp output current were used to power the pumps, H-Bridge, relay and converter. A fourth power supply with 12VDC output voltage and 5 amp output current was used to supply power to the distillate pump. A 24VDC output voltage and 1 amp output current power supply was used to power the float transmitter in the boiler and radar transmitter in the reflux drum.
The distillate pump, reflux pump and reboiler pump are 12VDC high temperature water pumps with 0-5VDC speed manipulation range. They are connected to a power supply and to the myRIO analog output connections. The feed pump is a 12VDC pump without variable speed. In order to manipulate the pump, it was connected to an H-Bridge and to the myRIO using a PWM connection. An H-Bridge allows using the motor in either direction because it allows the current to flow in both directions. It is used adjust the motor speed by changing the duty cycle using PWM in LabVIEW. The feed solenoid uses a 12VDC power and a relay to set the open and closed limits on the valve. The float transmitter inside the boiler requires a current to voltage converter because the output signal is 4-20mA. The converter converts the 4-20mA signal to 0-5VDC in order to connect to myRIO. Both the radar transmitter in the reflux drum and the float transmitter in the boiler required 24VDC power. 
Results
This section summarizes experimental results obtained while the distillation column was separating a mixture of ethanol and water. The composition of the feed to the column was approximately 4 wt% ethanol. The control loops were the liquid levels in the reflux drum and reboiler, and the temperature at the exit of the reboiler (vapor returned to column). As mentioned earlier, reflux drum level is controlled by manipulating the distillate pump voltage, reboiler level by manipulating the bottoms pump voltage and bottoms temperature by manipulating the heat input to the column. Proportional/integral (PI) controllers are used in these loops. The level loops were tuned manually while the temperature loop was tuned using the auto-tuning method included in the Platinum Omega temperature controller. 
Lessons Learned
This section summarizes student comments and experiences by working on this capstone and design project.
• 
Conclusions
This paper presented results and student experiences from a capstone and design project on process automation. Students used sophisticated tools (the same ones used by industry) to design, construct and automate the operation of a distillation column. Results demonstrated the aptitude and skills of engineering technology students using sophisticated technologies to solve important technical problems while working in a team environment, communicating technical topics, and delivering results within budget and schedule constraints. In simple terms, the students' degree may be in engineering technology but their profession is engineering. By solving material balances, the following relationships can be derived:
The relative volatility, α, of water with respect to propylene glycol is 32.52 at 66 C. An excel spreadsheet is used to analyze the separation of water and propylene glycol by calculating the parameters in the McCabe-Thiele method and then plotting the data. Using a xy vapor-liquid-equilibrium (VLE) diagram, the stripping and rectifying operating lines can be drawn as shown in Figure A. 2. By following the McCabe-Thiele method, the number of required trays, NT, is shown to be 3 and the location of feed tray is 2 (from the column bottom). 
Appendix B. Materials for Column Construction
This appendix presents materials that were required to build the distillation column. 
